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%'e present a synchrotron-radiation photoemission investigation of hydrogen chemisorption on

GaAs(110) surfaces cleaved in situ. Analysis of the valence-band emission and high-resolution core
photoemission studies as a function of hydrogen coverage and photoelectron escape depth show

that at least in the high-coverage regime hydrogen chemisorption occurs Via the formation of sur-

face bonds between atomic hydrogen and both As and Ga atoms. Decomposition of the As 3d and

Ga 3d core lines in terms of bulk and surface components demonstrates that hydrogen adsorption is

accompanied by preferential etching of As, roughening of the surface, and a consequent relatively

large variation of surface stoichiometry toward a Ga-rich composition.

I. INTRODUCTION

Hydrogen chemisorption on GaAs surfaces constitutes
one of the simplest model systems to study the effect of
chemisorption on surface atomic and electronic structure
in compound semiconductors. ' ' A strong technologi-
cal motivation derives from the importance of hydrogen-
ion etching and hydrogen incorporation during process-
ing of III-V semiconductor materials. The kinetics of hy-
drogen diffusion, the bonding of hydrogen in the semi-
conductor matrix and, conversely, the effect of hydrogen
on the local structure of the host, are still subjects of in-
tense debate. '

The interaction of hydrogen with the nonpolar (110)
surfaces of GaAs has been recently studied with
temperature-programmed desorption, ultraviolet photo-
emission spectroscopy (UPS), electron-energy-loss"
(ELS) and Auger" spectroscopy. Most results suggest a
chemisorption process qualitatively different at low
versus high hydrogen coverages, where "high" coverages
are defined as coverages near or at saturation ( —1 mono-
layer). For example, Sebenne and co-workers" reported
no observable change in Ga- or As-related Auger lines at
low hydrogen exposure, but observed a substantial de-
crease in the intensity of both Auger features near satura-
tion. They interpreted this as evidence that hydrogen
chemisorbs on both Ga and As atoms at high coverage.
In contrast with this, core photoemission studies of hy-
drogen chemisorption on GaAs(100) and GaAs(1 1 1) po-
lar surfaces by Bringans and Bachrach, showed no effect
on the Ga 3d line shape. The As 3d core emission
showed hydrogen-induced high-binding-energy com-
ponents. Bringans and Bachrach concluded that hydro-
gen is mainly bonded to As atoms on both (100) and
(1 1 1) surfaces.

Chemisorption of hydrogen on GaAs surfaces has been
shown to yield changes in surface stoichiometry, but
direction, magnitude, and interpretation of the changes
are still controversial. Bartels et al. reported a 20%%uo in-

crease in the I(Ga)/I(As) Auger intensity ratio after ex-
posure to about 3 X 10 L of hydrogen for GaAs(110), and
interpreted this as evidence of As loss. Sebenne and co-
workers" reported a similar 15% increase in the
I(Ga)/I(As) Auger ratio on GaAs(110}, but associated
the change with a modification in surface reconstruction
that makes the Ga atoms "more visible" without prefer-
ential desorption of As. At higher coverage they associ-
ated further increase in the I(Ga)/I(As) Auger intensity
ratio to dissociation of the surface in metallic Ga droplets
and AsH3. The latter would remain chemisorbed on the
surface" without contributing to the Auger signal be-
cause of the rearrangement of the As orbitals involved in
the Auger process. " Chemisorption of atomic hydrogen
on GaAs(110) at 250 K followed by temperature-
programmed desorption showed that, at least in the
high-coverage case, desorption of hydrogen in molecular
form is preceded by desorption of AsH3 at room tempera-
ture (starting at 280 K), yielding presumably a Ga-rich
surface.

In photoemission experiments focusing on Ga- and
As-rich GaAs(100) and GaAs(111} surface reconstruc-
tions, Bringans and Bachrach observed change in sur-
face stoichiometry upon hydrogen adsorption, with con-
vergence to a single As-rich final stoichiometry of the H-
covered surface. Sublimation of gallium hydrides or As
diffusion to the surface were proposed to explain the
change in composition of initially Ga-rich surfaces.

The apparent discrepancy between the photoemission
results of Ref. 4 and the Auger results of Refs. 5 and 11
might be related, at least in part, to the different surface
orientations employed. To our knowledge, no high-
resolution photoemission results are available for
GaAs(110)-H to be compared with the Auger and
temperature-programmed desorption studies on the
same surface. We report here soft-x-ray high-resolution
photoemission studies of the Ga and As core emission
from the GaAs(110) surface as a function of hydrogen ex-
posure and photoelectron escape depth, complemented
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by UPS studies of the hydrogen-induced modification of
the valence states. Our high-resolution measurements al-
lowed us to analyze the As and Ga core line shapes in
terms of bulk and surface-related contributions, and fol-
low the modification of the surface potential and surface
composition as a function of hydrogen coverage. We
focus here on the high-hydrogen-coverage regime and
provide evidence of direct bonding of atomic hydrogen to
Ga and As surface atoms. We discuss the corresponding
bond ionicity, and quantify the variation in surface com-
position that results from hydrogen-induced preferential
desorption of As.

II. EXPERIMENT

The experiments were conducted on oriented GaAs
single crystals, Te doped, with resistivity of 10 Qcm.
Crystals 4X4X 10 mm in size were cleaved in a photo-
electron spectrometer at an operating pressure
(5X 10 " Torr. Hydrogen exposures were performed
isolating the ion pumps from the spectrometer, but with a
liquid-nitrogen-cooled cryopanel in operation to reduce
the background pressure and eliminate water. " Atomic
hydrogen was obtained with a hot tungsten filament
(2200 K} not in line of sight of the sample surface at a
molecular hydrogen pressure of 10 ' Torr. The molecu-
lar pressure was monitored with a low-emission ion
gauge, and in what follows exposures will be given in
langmuirs in terms of the measured molecular pressure,
since no direct measurement of the atomic hydrogen Aux
was performed. Such "nominal" exposures can be con-
verted in actual hydrogen coverage of the surface by
monitoring with ELS the intensity of the GaAs surface
exciton as a function of hydrogen exposure. ' We mea-
sured a coverage of approximately 1 monolayer at 5250 L
hydrogen exposure. Therefore all of the data discussed in
the present work pertain to the high-coverage saturation
regime.

After exposure to hydrogen the samples were posi-
tioned at the focus of a monochromatic synchrotron-
radiation beam and an electron analyzer. Radiation em-
itted by the electron storage ring Aladdin at the Syn-
chrotron Radiation Center of the University of
Wisconsin —Madison, or by the Adone facility in Frascati,
Italy, was monochromatized (in both cases) with a graz-
ing incidence "grasshopper" monochromator. We used a
commercial hemispherical analyzer or a double-pass cy-
lindrical mirror analyzer to record angular-integrated
photoelectron energy distribution curves (EDC's} in the
40 & h v & 140 eV photon energy range. The experimental
energy resolution and Fermi-level position were mea-
sured from the width and position of the Fermi cutoff in
EDC's from metal films evaporated in situ. ' Overall
resolution was 0.18 eV at h v=40 eV, 0.15 eV at h v=70
eV, and 0.22 eV at hv=100 eV. The monochromator
throughput was monitored through the total yield of a Ni
or Al mesh positioned at the exit slit of the monochroma-
tor.

Representative EDC's for the Ga 3d, As 3d, and
valence-band emission as a function of hydrogen cover-
age are shown in Figs. 1—4 after subtraction of a smooth

secondary electron background estimated with a polyno-
mial fit of the high- and low-energy spectral range.

III. RESULTS AND DISCUSSIQN

A. Core-level decomposition

In Fig. 1 we show the Ga 3d core emission as a func-
tion of hydrogen exposure at a photon energy of 80 eV.
The experimental spectra (solid circles) are given in rela-
tive units after normalization to monochromator
throughput, and are shown superimposed to the result of
a fit (solid line) in terms of up to three Ga 3d-derived
doublets. The zero of the binding energy scale is referred
to the position of the 3d~&2 component that corresponds
to the bulk core emission, so that the binding-energy
values are implicitly corrected for variations in band
bending. The topmost EDC in Fig. 1 corresponds to the
clean GaAs(110) emission, while spectra displaced down-
ward show the effect of increasing hydrogen exposure.
Upon exposure, the EDC's in Fig. 1 show the emergence
of a high-binding-energy component that causes a
markedly asymmetric broadening of the experimental
line. A similar feature is observed at photon energies of
60 and 70 eV, albeit with a reduced intensity, due to a
reduction in surface sensitivity.

The different Ga 3d spin-split components were ap-
proximated with Lorentzian functions convoluted with a
Gaussian function. The clean GaAs(110) Ga 3d spectra
were decomposed in terms of a bulk spin-split 3d doublet
and a surface-related doublet. Peak position, intensity,
branching ratio, spin-orbit splitting, full width at half
maximum (FWHM) of the Gaussian functions and half
width at half maximum (HWHM) of the Lorentzian func-
tions were treated at fitting parameters. The secondary
electron background was introduced as a third-order po-
lynomial, with coeScients treated also as fitting parame-
ters. A least-squares minimization yielded the line-shape
parameters shown in the first rows of Tables I and II, at
photon energies of 80 and 60 eV, respectively. The quali-
ty of the fit was monitored through the average deviation
of the experimental data from the theoretical curve, and
is given as a percentage of the experimental peak intensi-
ty [average percent variation APV]. The values of the
parameters for the clean surface core emission are con-
sistent, within experimental uncertainty, with those ob-
tained by Eastman and Himpsel, ' and Ludeke et al.
We find, for example, a surface Ga 3d doublet shifted
0.28+0.02 eV (Ref. 25) to higher binding energy relative
to the main bulk line (0.28 eV in Ref. 22), and a spin-orbit
splitting of 0.44 eV (0.45 eV in Ref. 24). We also note
that the Gaussian FWHM in Tables I and II are con-
sistent with the measured experimental energy resolu-
tion, ' and that the Lorentzian HWHM I remain invari-
ant with photon energy. All of these observations sup-
port the validity of the fitting procedure employed.

Surface shifts in core-level binding energies have been
observed in a number of III-V (Refs. 20—22) and II-VI
semiconductors. Recently Monch has argued that the
core-level shifts observed in III-V semiconductors can be
explained solely in terms of the reduction of the
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FIG. 1. High-resolution photoelectron energy distribution

curves (EDC's) at hv=80 eV for the Ga 3d core emission from
GaAs(110) at increasing atomic hydrogen exposure. The nomi-

nal exposure in langmuirs is calculated in terms of the molecu-
lar hydrogen pressure in the system. A hot tungsten filament

was used to dissociate hydrogen near the sample surface. The
solid circles are experimental points, and appear superimposed
to the result of a least-squares fit (solid line) of the EDC's in
terms of up to three individual Ga 3d doublets. Each doublet
included two spin-split Lorentzian lines convoluted with a
Gaussian function. The resulting individual doublets, reflecting
the bulk {rightmost doublet), surface-related (center), and
hydrogen-induced (leftmost doublet) Ga 3d emission are also
shown (solid line). The experimental EDC's are normalized to
the monochromator throughput and are given in relative units.
The 0 of the binding-energy scale corresponds to the position of
the bulk Ga 3d, &2 level.

Madelung potential near the surface, which should
make the surface less ionic. However, Prince et al. have
proposed that the surface core-level shifts observed in
CdTe are quantitatively not consistent with such a model,
and suggested that rehybridization (i.e., changes in co-
valent bonding) at the surface may oppose the trend to-
ward lo~er surface ionicity, as pointed out earlier by
Watson and Devenport. The existence of such surface
shifts allows us to single out the effect of chemisorption
on the surface atoms, and obtain quantitative information
on the resulting surface modification.

Upon exposure to hydrogen in Fig. 1, two Ga 3d dou-
blets cannot reproduce the experimental line for any
reasonable choice of parameters, so that three doublets
were employed. Peak positions, intensities, and widths of
the Lorentzian and Gaussian functions were treated as
fitting parameters. The spin-orbit splitting and branching
ratio were fixed at the values obtained from the bulk and
surface-shifted doublets prior to hydrogen exposure. The
three different doublets resulting from the fitting pro-
cedure are shown (solid line) in Fig. l. In Tables I and II
we give the value of the relevant fitting parameters as ob-
tained from the Ga 3d least-squares fitting procedure at
photon energies of 80 and 60 eV, respectively.

With increasing hydrogen exposure in Fig. 1 we ob-
serve a reduction in the relative intensities of Ga 3d bulk
and surface components, and the emergence of a new
high-binding-energy doublet some 0.80 eV (10 L) below
the bulk component. We associate this new component
with the reaction of Ga surface atoms with atomic hydro-
gen. The binding energy E& of the hydrogen-induced
feature increases slightly with hydrogen exposure, and is
found 0.98+0.05 eV (Ref. 25) below the bulk Ga 3d emis-
sion (at all photon energies) at the maximum exposures
explored. The increase in the Ga chemical shift from
0.80 to 0.98 eV, and the corresponding increase in
Lorentzian width from 0.30 to 0.42 eV, may be due to the
emergence of unresolved high-binding-energy com-
ponents, as will be explained in Sec. III C.

The overall intensity of the hydrogen-induced plus
surface-related Ga 3d emission increases dramatically
with hydrogen exposure, but appears to saturate at the
highest coverages explored. The hydrogen-induced
broadening of the individual Ga 3d doublets observed in
Fig. 1 derives mostly from an increase in Lorentzian rath-
er than Gaussian broadening. The Lorentzian HWHM
for the surface and hydrogen-induced doublets in Table I
increase from 0.22 and 0.30 eV to 0.30 and 0.42 eV, re-
spectively, with hydrogen exposure, while the Gaussian
widths remain relatively constant. We explored a num-
ber of different methods for background subtraction and
line-shape analysis, with consistent results. For example,
we present in the two bottom-most rows of Table I line-
shape parameters obtained through a fitting procedure in
which the Lorentzian and Gaussian widths, respectively,
of the surface and hydrogen-related Ga 3d levels (at
4X10 L exposure) were kept fixed at the initial values.
We note that while fixing the Gaussian widths has rela-
tively little efFect on the APV parameter, fixing the
Lorentzian widths yields a large increase in the APV pa-
rameter. This is not an artifact of the background sub-
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traction procedure, which could in principle aA'ect the
determination of the Lorentzian low-binding-energy tail,
since the background parameters were also treated as
fitting parameters. We associate the increase in Lorentzi-
an width with an asymmetric broadening of the Ga 3d
line due to the formation of disordered, Ga-rich surface
and near-surface layers. This point will be further dis-
cussed in Sec. III C. %'e emphasize that whichever
method one may want to employ for the fit, binding ener-

gies and relative intensities of the Ga 31 bulk, surface,
and hydrogen-induced components remain largely un-

changed (see, for example, the corresponding values in
the three bottom-most rows of Table I).

An analysis similar to that described for the Ga 31
core levels was performed for the As 3d levels. Experi-
mental EDC's (solid circles) together with the results of a
least-squares fitting procedure are shown in Fig. 2 at a
photon energy of 100 eV. Results at a photon energy of
h v= 80 eV are qualitatively similar except for a reduced
surface sensitivity. Prior to hydrogen exposure the
EDC's could be decomposed in terms of a bulk 3d dou-
blet and a surface-related doublet. The corresponding
fitting parameters are shown in the first row of Tables III
and IV. As in the case of the Ga 31 emission, all of the
resulting parameters were consistent, within experimental
uncertainty, with the results of Refs. 22 and 24. For ex-
ample, we found a surface shift of 0.39+0.03 eV to lower
binding energy for the As 31 line (0.37 eV in Ref. 22), a
spin-orbit splitting of 0.70+0.03 eV (0.70 eV in Ref. 22),
and a branching ratio of 0.62 (0.65+0.05 in Ref. 24).

Upon hydrogen exposure, superposition of three As 3d
doublets was required to reproduce the experimental
EDC's. We fixed the As 3d spin-orbit splitting and
branching ratio to the value obtained from the EDC's for
the clean surface emission, and determined binding ener-
gies, relative intensities, Gaussian and Lorentzian widths,
and the background through a least-squares fitting pro-
cedure. Representative fitting parameters are shown in
Tables III and IV for photon energies of 100 and 80 eV,
respectively. The quality of the fits is somewhat lower
than that obtained for the Ga 3d core levels in Tables I
and II, but the average percent deviation is at most 1.7'%%uo

of the experimental peak amplitude.
The least-squares analysis shows that the broadening of

the experimental EDC's in Fig. 2 corresponds to a de-
crease in the emission from the surface doublet, together
with the emergence of an hydrogen-induced As 3d dou-
blet 0.30+0.05 eV below the position of the bulk As 3d
doublet. We associate this contribution with the forma-
tion of chemical bonds between As surface atoms and
atomic hydrogen.

The binding energies of the individual As 3d doublets
remain consistent as a function of photon energy within
an experimental uncertainty of +0.05 eV, and this sup-
ports the validity of the fitting procedure employed.
With hydrogen exposure we observe a limited increase in
the Lorentzian width of the surface-related doublet in
Tables III and IV, while the Gaussian widths remain rel-
atively constant. As for the Ga 3d emission, we have ex-
plored difI'erent fitting procedures, with consistent results.
For example, we present in the fifth and sixth rows of
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FIG. 2. High-resolution EDC's at hv=100 eV for the As 3d
core emission from GaAs(110) at increasing atomic hydrogen
exposure. The solid circles are experimental points, and appear
superimposed to the result of a least-squares fit (solid line) of the
EDC's in terms of up to three individual Ga 3d doublets. Each
doublet included two spin-split Lorentzian lines convoluted
with a Gaussian function. The resulting individual doublets,
rejecting the bulk (center), surface-related (rightmost doublet),
and hydrogen-induced (leftmost doublet) As 3d emission are
also shown (solid line). The experimental EDC's are normalized
to the monochromator throughput and are given in relative
units. The zero of the binding-energy scale corresponds to the
position of the bulk As 3d5~2 level.
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Table IV line-shape parameters obtained through a fitting
procedure in which the Lorentzian and Gaussian widths,
respectively, of the surface and hydrogen-induced com-
ponents (at an exposure of 4X10 L) were kept fixed at
the initial values. Fixing the Gaussian widths has little
effect on the AVP parameter, while fixing the Lorentzian
widths yields a large increase in the parameter. In any
case we emphasize that binding energies and relative in-

tensities of the three As 3d components are largely
unaffected by the detail of the fitting procedure employed
(see, for example, the corresponding values in the three
bottom-most rows of Table III}.

B. Surface bonds

In general, during quantitative analysis of core photo-
ernission data, one should not try to attach too much
quantitative significance to results obtained from a fit of
relatively broad experimental lines. Our approach has
therefore been to start with the simplest possible physical
assumption (the existence of three core components, i.e.,
bulk, surface, and hydrogen induced}, obtain a least-
squares best fit (1—2%%uo APV) with the minimum possible
number of fitting parameters, and check for a systematic
consistency of the fitting parameter values when varying
the photon energy, and from cleave to cleave. The results
of Tables I—IV satisfy all such criteria. The only limita-
tion is in the hypothesis of the existence of only three
core components, and some of the parameter variations
in Tables I—IV may reAect the emergence of unresolved
core contributions, as will be explained in the next sec-
tion.

The results of Figs. 1 and 2 and Tables I—IV show that
emission from the hydrogen-induced Ga 3d and As 31
doublets is primarily localized in the surface region. For
example, in the Tables the hydrogen-induced Ga 3d and
As 3d components exhibit the same intensity variation
with photon energy observed for the Ga 3d and As 3d
surface-related doublets. The maximum increase in in-
tensity with exposure of the hydrogen-induced com-
ponents (see Figs. 1 and 2) is observed between 0 and
1X10 L. This increase corresponds to a parallel de-
crease in the intensity of the As 3d surface (S) com-
ponent. We associate the hydrogen-induced doublets
with emission from Ga and As atoms directly bonded to
hydrogen at the surface.

The binding-energy shift of the hydrogen-induced core
component may provide information on the nature of the
surface chemical bond. In Fig. 1 the hydrogen-induced
Ga 3d levels appear initially 0.80+0.05 eV below the
bulk 3d component, and shift with increasing hydrogen
exposure to higher binding energy. At 4X10 L the
"chemical shift" is 0.98+0.05 eV. The Ga 3d surface
component remains, instead, at a binding energy of
0.27+0.05 eV relative to the main line, confirming that
this component is related to Ga surface atoms not direct-
ly interacting with hydrogen.

The hydrogen-induced As 3d component is observed
0.36+0.05 eV below the bulk 3d component at all cover-
ages explored. The As 3d surface component remains at
a constant binding energy of 0.39+0.05 eV relative to the
main line, demonstrating that a portion of the As surface

atoms are not bonded with hydrogen.
It would be tempting to interpret the observed chemi-

cal shifts in terms of hydrogen-induced charge transfer.
The direction of the observed shifts would suggest charge
transfer from Ga and As surface atoms to atomic hydro-
gen, in agreement with simple electronegativity argu-
ments ' (Pauling's electronegativities for H, As, and Ga
are, respectively, 2.1, 2.0, and 1.6}. Even the magnitude
of the observed shifts follows the trend expected from the
electronegativity difference (larger charge transfer for
Ga-H than for As-H). However, several words of caution
should be mentioned. In the present case no core level
could be used to monitor the chemisorption-induced vari-
ation in electrostatic potential of the hydrogen atom.
Relatiue chemical shifts should always be considered
when possible to compensate for "parallel" shifts due to
redistribution of the interstitial charge. More in general,
even in those cases where it is possible to monitor core
binding-energy shifts of both elements upon binary com-
pound formation, the observed "chemical shifts" need
not be related in an elementary way to the actual charge
transfer. ' Simple electronegativity arguments
could not explain results for hydrogen chemisorption on
InSb(110) surfaces, ' when bonding of atomic hydrogen
to In and Sb surface atoms was observed, the cation core
levels exhibited a definite chemical shift, but only a
broadening of the surface-related doublet was found for
the anion cores.

In order to further clarify the adsorption mechanism of
hydrogen on GaAs(110) surfaces we have examined the
hydrogen-induced modification of the valence-band emis-
sion that accompany the core-level modification of Figs.
1 and 2. In Fig. 3(a) we show EDC's for the valence-band
emission at h v=60 eV after subtraction of a smooth po-
lynomial secondary background and normalization to the
monochromator throughput. Curves labeled 1, 2, 3, and
4 correspond, respectively, to the clean GaAs(110) emis-
sion, and to exposure to 10, 2X 10, and 3 X 10 L of hy-
drogen. The EDC's have been aligned to the valence-
band maximum, estimated from a linear extrapolation of
the leading valence-band edge in the clean spectrum, and
from correction of band-bending variations as a function
of hydrogen coverage. Spectra at hv=45 eV showed
similar results, and are not discussed here.

The spectra for the hydrogen-covered surface are all
qualitatively similar, with emergence of dominant struc-
ture at about 5.5 and 8.5 eV. To emphasize the
hydrogen-induced line-shape changes, we show in Fig.
3(b) difference curves obtained from the EDC's for the
hydrogen-covered surface [curves 2, 3, and 4 in Fig. 3(a)]
after subtraction of the clean surface spectrum [curve 1 in
Fig. 3(a)]. All of the difference curves in Fig. 3(b) show
significant reduction of the emission within 3 eV of the
valence-band maximum. A similar phenomenon was ob-
served in previous UPS studies of the H-GaAs(110) sys-
tem in the low-coverage regime, and associated with satu-
ration of As-derived dangling bonds. Here we also ob-
serve significant reduction in the valence-band emission
in the 10—12 eV range as a result of hydrogen adsorption.
A possible explanation is the removal of As-derived s-like
surface states upon bonding with atomic hydrogen.
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occurs instead within the heteropolar gap and should be
tentatively assigned to new hydrogen-induced localized
states. The quenching of As-derived surface states and
the emergence of new Ga-H hybrid features con6rms that
both Ga and As surface atoms are involved in the chem-
isorption process.

Two new hydrogen-induced features appear in all of
the difference curves in Fig. 3(b) at 5.5 and 8.5 eV. The
position of the 5.5-eV feature is consistent with what is
expected for combinations of the hydrogen orbital with
Ga-derived s-like states localized in the second atomic
plane from the surface. The second structure at 8.5

C. Surface stoichiometry

In Fig. 4 we provide evidence that hydrogen chem-
isorption establishes a Ga-rich surface stoichiometry on
GaAs(110). We show [Fig. 4(a)] EDC's for the As 3d and
Ga 3d core emission as a function of hydrogen exposure
in the (4—12)X10 L range, at a constant photon energy
of 100 eV. We used low-energy resolution (about 0.6-0.8
eV) to maximize the signal-to-noise ratio, and a single

photon energy to simplify normalization procedures. In
Fig. 4(b) we plot the corresponding ratio of the integrated
emission intensities from the Ga 3d and As 3d core levels
as a function of hydrogen exposure. The data exhibit lit-
tle dispersion and indicate a linear increase in the
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I(Ga)/I(As) ratio from 0.67 (clean surface) to 0.86
(12X 10 L).

We can use the surface-sensitive decompositions of
Figs. 1 and 2 to gauge the changes in surface
stoichiometry that determine the intensity variation in

Fig. 4(b). In the high-coverage regime we observe in Fig.
1 a twofold increase in the overall Ga 3d surface emission
(S+H) relative to the bulk emission. Most of this in-

crease is due to the hydrogen-induced 3d component (H ),
since the intensity of the "clean" surface component (S)
remains relatively constant as compared to the bulk com-
ponent with increasing hydrogen coverage. In the case of
As in Fig. 2 and Table III, we observe a sharp decrease in
the "clean" surface component (S), compensated by an
increase in the hydrogen-induced component to yield a
relatively constant overall As 3d (S+H) surface emis-
sion.

Together, the results of Figs. 1, 2, and 4 are consistent
with an increase in the number of "surface-like" versus
"bulk-like" atoms, and preferential Ga-enrichment of the
surface with Ga atoms bonded to hydrogen. We propose
that selective As etching through AsH3 desorption,
roughening of the surface and formation of a disordered
Ga-rich surface and/or near surface region can explain
the results of Figs. 1—4. We emphasize that the increase
in overall surface emission in Figs. 1 and 2 by itself does
not necessarily imply surface roughening, since it could
also be consistent with hydrogen penetrating in the semi-
conductor to affect more than one atomic layer. The in-
crease in overall surface emission together with the
change in surface stoichiometry (Fig. 4), however, argues
for the proposed surface roughening as a result of prefer-
ential As etching. Roughening of the surface is also con-
sistent with the results of LEED studies. "

A rough estimate of the maximum Ga enrichment ob-
served can be made using the saturation values of the rel-
ative core intensities in Figs. 1 and 2 and Tables I and III
to analyze the intensity variation in Fig. 4 in terms of
overall surface (S+H) and bulk contributions. We esti-
mate an increase in the overall [Ga]/[As] relative atomic
concentration of 83% (including surface and hydrogen-
induced components) in the surface layer at a hydrogen
exposure of 12X10 L. The almost twofold increase in
the [Ga]/[As] concentration in the surface layer is quali-
tatively consistent with the threefold increase in the
I(Ga)/I(As) Auger ratio reported in Ref. 11 at hydro-
gen exposures of 30X10 L. However, our results rule
out the interpretation proposed by M'Hamedi et al. , " in-
volving dissociation of the surface in metallic Ga droplets
and chemisorbed AsH3. The argument that As atoms in
chemisorbed AsH3 would not contribute to the MVV
Auger signal because of orbital rearrangement, " has no
bearing on our core photoemission results of Fig. 4.
Furthermore, the high-resolution core deconvolutions of
Fig. 1 and 2 shows no evidence of metallic or dissociated
Ga, that would both correspond to characteristic low-
binding-energy contributions to the Ga 3d core line
shape. ' We are therefore in the presence of a real,
dramatic change in surface stoichiometry that is the re-
sult of preferential etching of As away from the surface.

The broadening of the Ga and (to a lesser extent) As

surface- and hydrogen-related components in Tables I—IV
is related to the establishment of disordered, Ga-rich sur-
face and near-surface regions. In an ideal, perfect solid,
Lorentzian and Gaussian widths have simple physical in-
terpretations. The Gaussian width is related to the ex-
perimental energy resolution, and the Lorentzian width
to the inverse of the final state lifetime. In disordered
bulk solids, or alloys, local fluctuations in bonding angles
and distances yield fluctuations in the local atomic coor-
dination and charge distribution about the perfect solid
values. If such fluctuations do not yield a net change in
the average coordination and local charge distribution,
one would expect symmetric broadening of the core line
shape as a result. This would be observed as an increase
in the Gaussian FWHM. The Gaussian width parame-
ter loses therefore its direct analytical interpretation and
becomes, in part, a phenomenological parameter which
accounts for initial state broadening.

The results of Tables I and III, however, indicate that
the broadening is asymmetric, since it affects the
Lorentzian width rather than the Gaussian width param-
eter. An increase in the Lorentzian width parameter due
to disorder could reflect the emergence of unresolved
high-binding-energy chemically shifted core components,
and/or disorder-related effects. Asymmetric broadening
of a core line can be expected, in general, if disorder
yields a net increase or decrease in the average local
atomic coordination. In the present case, because of the
establishment of a rough, Ga-rich surface layer, one
would expect for the Ga atoms at the surface a net de-
crease in the average number of nearest As neighbors,
and an increase in the average Ga-H coordination. The
observed asymmetric broadening of the Ga 3d surface
component may therefore reflect emission from Ga sur-
face atoms with reduced Ga-As coordination, which
should exhibit larger surface shifts. The observed asym-
metric broadening of the Ga 3d H-induced component
may derive from unresolved H-induced components,
reflecting increased Ga-H coordination at the surface.

For As, following the preferential surface-etching
stage, asymmetric broadening of the surface component
may be related to the increased emission from As atoms
in the near-surface region, exhibiting core binding ener-
gies intermediate between the surface and bulk values.
Asymmetric broadening of the H-related component may
reflect, as in the Ga case, the emergence of unresolved 3d
components corresponding to As atoms with increased
As-H coordination. Since in the early stages of chem-
isorption hydrogen saturates As dangling bonds, while

during etching As evolves from the surface in the form of
AsH3, the changes in the hydrogen-related As 3d emis-

sion are likely to reflect a monotonic increase in the As-H
average coordination for the residual As atoms at the sur-
face.

IV. CONCLUSIONS

Chemisorption of atomic hydrogen onto GaAs(110)
surfaces in the high-coverage regime involves the forma-
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tion of both Ga—H and As—H bonds at the surface.
The corresponding chemical shifts of 0.80-0.98 eV and

0.30 eV of the Ga 3d and As 3d core levels, respectively,
are consistent with the charge transfer expected from

simple electronegativity arguments, but are in contrast
with recent results for H-InSb(110}. Large variations in

core-level intensities as a function of hydrogen exposure
are explained by hydrogen-induced etching of As through

AsH3 desorption at room temperature, surface roughen-

ing and the formation of a highly disordered Ga-rich sur-

face region. At the highest coverages explored here

(12 X 10 L}we estimate that surface reaction with hydro-

gen yields an increase of about 80% in the [Ga]/[As] rel-

ative concentration within the surface layer of the semi-

conductor.
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